General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



N83- 14494 


(HUS A -CB- 165509) flAGHETOH TDBOCYNIHICS (NED) 

EHGIHEEBIHG TEST FACILITY (STF) 200 HHE 
BOIEB FLAMT. CONCEFTOAL DESIGli EHGIHEEBIHG 
BEBOET (CDEB) SCPPLEHEHT. NA6HET SYSTEH UBClas 

SPECIAL INVESTIGATICNS Final (Hassachusetts G3/37 02291 

DOE/NASA/0100-1 
NASA CR-165509 


Magnetohydrodynamics (MHD) 
Engineering Test Facility (ETF) 
200 MWe Power Plant 


Conceptual Design Engineering Report (ODER) Supplement 


Magnet System Special Investigations 


Massachusetts Institute of Technology 
Francis Bitter National Magnet Laboratory 


September 1981 



Prepared for 

National Aeronautics and Space Administration 
Lewis Research Center 
Under Grant NAG 3-100 


for 

U.S. DEPARTMENT OF ENERGY 
Fossil Energy 

Office of Magnetohydrodynamics 


DOE/NASA/0100-1 
NASA CR-165509 


Magnetohydrodynamics (MHD) 
Engineering Test Facility (ETF) 
200 MWe Power Plant 


Conceptual Design Engineering Report (CDER) Supplement 


Magnet System Special Investigations 


Massachusetts Institute of Technology 
Francis Bitter National Magnet Laboratory 
Cambridge, MA 02139 


September 19B1 


Prepared for 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
Under Grant NAG 3-100 


for 

U.S. DEPARTMENT OP ENERGY 
Fossil Energy 

Office of Magnetohydrodynamics 
WASHINGTON. D.C. 20545 

UNDER INTERAGENCY AGREEMENT DE-A101 -77ET10769 


MHD-ETF 

CONCEPTUAL DESIGN 
ENGINEERING REPORT 

TABLE OF CONTENTS 


ORIGINAL PAGe S3 
OF POOR QUALRY 


Section 

Title 

Page 

1.0 

INTRODUCTION 

1 

2.0 

4 TESLA MAGNET DESIGN 


2.1 

DESIGN SUMMARY 

1 

2.2 

DESIGN DESCRIPTION 

2 

2.2.1 

Windings and Substructure 

9 

2.2.2 

Conductor 

9 

2.2.3 

Winding Containment Vessels 

11 

2.2.4 

Main Force Containment Structure 

11 

2.2.5 

Thermal Radiation Shield 

11 

2.2.6 

Low Heat Leak Supports 

12 

2.2.7 

Vacuum Jacket and Warm Bore 

12 

2.2-8 

Water-Cooled Warm Bore Liner 

12 

2.2.9 

Vapor Cooled Electrical T.eads 



Internal Instrumentation, etc. 

12 

2.2.10 

Roll-Aside System 

12 

2.2.11 

Cryogenic Support Equipment 

12 

2.2.12 

Vacuum Pumoine Eauioment. Protection/Control 



and Instrumentation 

13 

2.2.13 

Power Supply and Discharge Equipment 

13 

2.3 

COST ESTIMATE, 4 T MAGNET SYSTE>I 

13 

3.0 

6 TESLA MAGNET MANUFACTURABILITY STUDY 

16 

3.1 

SUMMARY 

17 

3.2 

CONCLUSIONS 

18 

3.3 

DISCUSSION 

13 

3.3.1 

Evolution of the ETF Magnet Conceptual Design 

18 

3.3.2 

Alternative Concepts 

20 

3.3.3 

Revisions to the ETF Magnet to Improve 



Manufacturability 

21 

3.3.4 

Drawings 

22 

3.4 

REVISED SCHEDULE, 6 T MAGNET SYSTEM 

22 

3.5 

REVISED COSl ESTIMATE, 6 T MAGNET SYSTEM 

22 

3.6 

REVISED WEIGHT ESTIMATE, 6 T MJVGNET SYSTEM 

26 


REFERENCES 


27 


0RU51NM- PA® a 


LIST OF TABLES 


Table 


Number 

Title 

Page 

2.1 

Major Characteristics and Estimated Costs - 



4 T and 6 T Magnet Systems 

1.2 

2.2 

4 T Magnet System - Magnet Design Characteristics 

6.7 

2.3 

4 T Magnet Syst^ia - Utility Requirements 

8 

2.4 

4 T Magnet - Conductor (Cable) Characteristics 

9.11 

2.5 

4 T Magnet System - Power Supply and Discharge 

14 


System Characteristics 

2.6 

Summary Cost Estimate - ETF 4 T Magnet System 



Conceptual Design 

15 

3.1 

Summary Cosw Estimate - ETF 6 T Magnet System 



Conceptual Design (Revised) 

24 

3.2 

Cost Estimate Breakdown - ETF 6 T Magnet System 



Conceptual Design (Revised) 

LIST OF FIGURES 

25 

Figure 

Number 

Title 

Page 

2.1 

4 T Magnet Outline 

3 

2.2 

4 T Magnet Field Profile 

4 

2.3 

4 T Magnet Fringe Field Zone Boundaries 

5 

2.4 

4 T Magnet Winding Envelope 

10 

3.1 

Critical Path Schedule - 6 T Magnet System (Revised) 

23 


LIST OF ATTACHMENTS 


Attachment A - Manufacturabi 1 ity Report, MHD-ETF 200 MWe Power Plant Magnet 
System Conceptual Design, by Combustion Engineering, Inc., 
September, 1981. 


Attachment B - Drawings of ETF 6 T Magnet Components (Revised). 


ii 


ORIGINAL PAGE m' 

OF POOR QUALITY 


1.0 INTRODUCTION 

This report supplement summarizes the results of two special investigations 
made by Massachusetts Institute of Technology, Francis Bitter National Laboratory 
(FBNML) as a part of the overall conceptual design study of the MHD/ETF for which 
NASA LeRC has management responsibility. The two investigations, included in 
F3NIIL*s Phase II effort by letter agreement^ under NASA LeRC Grant NAG- 3-100, 
are the 4 Tesla Magnet Alternate Design Stud y (Task 1 of reference letter), 
and the 6 T ’ esla Magnet Manufacturability Study (Task 2 of reference letter) . 


These investigations supplement the 6 T magnet system conceptual design work 
performed by FBNML and reported in Section SDD503 of the ETF Conceptual Design 
Engineering Report (CDER) . ^ 

2.0 4 TESLA MAGNET ALTERNATE DESIGN 

A 4 tesla superconducting magnet system conceptual design was prepared by FBNML 
for NASA LeRC's use in their investigation of an alternate (supersonic) power 
train for the ETF. 

Design work was initiated in August, 1981, upon receipt of requirements from 
NASA LeRC. Specified were a peak field of 4 tesla with a field profile shape, 
active length, and warm bore dimensions the same as those of the 6Tmagnet jn 

prepared by FBNML for NASA LeRC and described in the ETF Conceptual Design En- 
gineering Report (CDER), System Design Description SDD503. (The 6T magnet is 
intended for use in a subsonic power train.) 

The 4 T magnet system design, described below, derived by scalinr, techniques from 
the 6 T magnet design, is intended to establish approximate system characteristics 
only, and is not optimized. Should NASA LeRC investigations and/or other studies 
show the alternate (supersonic) power train to be sufficiently attractive to 
warrant further examination, the 4 T magnet system design should be investigated 
in greater depth. 

2.1 DESIGN SUMMARY 

The major characteristics and estimated cost of the 4 T magnet system design 
compared to ..he original 6 T design are listed in Table 2.1 

TABLE 2.1 

Major Characteristics and Estimated Costs 
4 T and £ T Magnet Systems 


4 T Design 6 T Design 

(Scaled) (SDD503) 

Peak on-axis field 4 T 6 T 

Active Length 12.1 m 12.1 ra 

(39' 3") (39' 8") 
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TABLE 2.1 (continued) 


Field at start of active length 
Field at end of active length 
Aperture* at start of active len. 
Aperture* at end of active length 
Magnet overall length 
Magnet outside diameter 
Magnet weight 

Magnet system estimated cost** 


T Design 
(Scaled) 

6 T Design 
(SDD503) 

2.67 T 

4 T 

2.33 T 

3.5 T 

55" X 71 " 

55" X 71" 

81" X 106" 

81" X 106 

54' 4" 

54’ 4" 

26' 0" 

27' 6" 

1.25 X 10® lbs 

2 X 10® 

$47 X 10® 

$58 X 10® 


* aperture dimensions are inside water-cooled warm bore liner 

** cost estimates are based on conceptual design as it existed prior 

to the manufacturability study described in Section 3.0 of this report 

Outline dimensions of the 4 T magnet are shown in Fig. 2.1, the field profile is 
shown in Fig. 2.2 and fringe magnetic field zone boundaries (personnel exclusion 
zones) are shown in Fig. 2.3. 

The design characteristics of the magnet system are listed in Table 2.2 and the 
utility requirements in Table 2.3. 

2.2 DESIGN DESCRIPTION 

Consistent with requirements given by NASA LeRC, the 4 T magnet retains the same 
warm bore aperture dimensions, the same shape of field profile and the same overall 
length as the 6 T magnet from which it has been scaled. 

Also, it retains the same type of winding (60° rectangular saddle), the same type 
of conductor (circular cable), substantially the same design current (''^ 25,000 A) 
and similar designs of substructure, superstructure and cryostat. 

In scaling down to the 4 T field strength, ampere-turns and structural require- 
ments are substantially reduced, so the magnet becomes smaller in diameter, 
lighter in weight and less expensive, both in material, fabrication and assembly 
cost. 

In the following paragraphs, the design of conponents is described and scaling 
of the components of the magnet and of the accessory systems is discussed. 
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Figure 2 . 2 

4 T Magnet Field Profile 
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TABLE 2.2 Sheet 1 of 2 


4 T MAGNET SYSTEM 
MAGNET DESIGN CHARACTERISTICS 


Magnetic Field: 

Peak on-axis field 

Active field length 

Field at start of active length, 

Field at end of active length, B^j^ 

Peak field in winding 
Dimensions: 

Aperture, warm bore inlet* 

Aperture, start of active length* 

Aperture, end of active length* 

Aperture, warm bore exit* 

Length of wami bore 

Distance, bore inlet to start of active length 

Vacuum vessel overall length, including water- 
cooled warm bore liner 

Vacuum vessel outside diameter 

Winding Characteristics: 

Design current 

Winding current density 

LHe to conductor ratio (volume) 

Ampere turns 

Ampere meters 

Inductance 

Stored energy 

Winding Dimensions: 

Depth (build), winding cross-section 

Height, winding cross-section, one quadrant 

Gap (distance from winding to bore surface 
inside warm bore liner) 


4 T 

12.1 m (39‘ 8") 
2.67 T 
2.33 T 
5.3 T 


55” X 71“ 

55” X 71” 

81” X 106” 

85" X 111” 

49' 9" 

3' 6" 

54' 4" 

26' 0" 

25,000 A 
1.4 X 1Q7 A/m2 
1.1 

18 X 106 
7 X 100 
4.2 henries 
1300 MO 

25” 

40.7" 

16.7” 


♦Inside water-cooled warm bore liner 
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TABLE 2.2 Sheet 2 of 2 


Conductor: 

Type 

S.C. material 
Overall diameter 
Strand diameter 
Cu/SC in high field regions 
Total length conductor 
Weights: 

Conductor 

Insulation 

Substructure 

Superstructure and coil containment 
vessels 

Total cold mass 


Thermal radiation shield, cold mass supports, etc. 

Vacuum vessel and mounting feet 

Miscellaneous 

Total Magnfjt Weight 
Cryogenic Data: 

Operating temperature at winding 
Heat leak to LHe region 
Liquid helium for lead cooling 


Cable 

NbTi 

1.0” 

0.046" 

12 

93.000' 

149.000 lbs. 

(included in substructure) 

132.000 lbs. 

560.000 lbs. 

841.000 lbs. 

60.000 lbs. 

329.000 lbs. 

20.000 lbs. 
1,250,000 lbs. 


4.5 K 
170 watts 
75 ^/hr. 
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TABLE 2.3 


4 T MAGNET SYSTEM 
UTILITY REQUIREMENTS 

Electric Power (60 Hz) 

Power supply - Maximum charging 

- Steady state of operation 

Refrigerator/1 iquefier 

Refrigerator compressors 

Utility vacuum pump 

Diffusion pumps, main vacuum (2) 

Fore pumps, main vacuum (2) 

Warm-up heat exchanger 

Hydraulic pump package 

Cooling Water (80° F max., 50 psiq except 100 psig for warm bore liner ) 


Power supply (rectifiers; diodes) 

35 GPM 

Discharge resistors 

50 GPM 

Refrigerator compressors 

150 GPM 

Refrigerator/1 iquefier 

3 GPM 

Diffusion pumps, main vacuum (2) 

5 GPM 

Fore pumps, main vacuum (2) 

5 GPM 

Warm bore liner - Steady-staie 

40 GPM 

- Emergency 

200 GPM 

Water-cooled power bus 

30 GPM 


Liquid Nitrogen (30 psiq ) 

Cool-down heat exchanger (during cool-down only) TBD 

Refrigerator pre-cooling (steady state) 150 s/hr.** 

Magnet radiation shield, transfer lines, etc. (steady-state) 60 jj/hr.** 

Compressed Air (90 psiq ) 

Refrigerator and vacuum system controls 25 SCFM 

* Nominal running power with power factor * 0.9. Starting requires 3 x 
running power. 

** The refrigerator , thermal shield and transfer line LNg requirements 
totaling 210 Vhr (steady state) will be supplied from facility air 
separation unit. 


4160 V 

1250 KW 

3^ 

4160 V 

300 KW 

3<^ 

220 V 

10 KW 

U 

440 V 

500 KW* 

3^ 

220 V 

15 KW 


440 V 

24 KW 

3^ 

440 V 

20 KW 

3(p 

440 V 

TBD 

3« 

440 V 

20 KW 

3^ 
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2.2.1 


W l-..41nga and Sv’.b structure 


Tlie windings for the 4 T magnet are similar In configuration and sabstantlally 
Che same In overall length and width of straight section as those of the 6 T 
design. The depth (bui] ) of Che winding bundles is reduced to about 2/3 » so 
that Che design field of 4 T Is producial with about the same overall current 
density In Che windings as that cf Che 6 T design. The reduced depth results 
In a reduction In the outside envelope dimensions of the winding end turns. 

The wlndln js of Che 4 T magnet are more conr ervaclve chan chose of Che 6 T 
design^ because more copper Is provided relative to the current carried, and the 
magne coresistance of the copper Is lower because of the lower field in the winding. 
The cryostacic stability margin Is greater chan in the 6 T design. 

The cable conductor Is supported In a substructure of molded glass-reinforced 
plastic similar in design Co chat of the 6 T magnet. 

The dimensions of the winding envelope for the 4 T magnet are shown in Fig. 2.4. 
2.2.2 Conductor 


The conductor Is similar In material, configuration and design current to that 
of the 6 T magnet, i.e, NbTi/copper cable 1 inch in diameter with 259 strands, 
part of which are NbTl/copper composite wires (monoliths) and part nf which are 
copper wires. The conductor Is In two grades, as In the 6 T magnet, to 
reduce the total amount of NbTi required. 

The maximum field to which the conductor Is exposed In Che 4 T magnet Is lover, 
and therefore there are fewer strands of composite wire in the conductor and 
more of copper wire than in the corresponding conductor for the 6 T magnet. 

Approxlnu.te conductor characteristics are listed in Table 2.4. 

TABLE 2.4 

4 T Magnet Conductor (Cable) Characteristics 



Grade A 

Grade B 

Design current (A) 

25,000 

25,000 

Magnetic field (T) 

5.3 

3.5 

NbTl current density (A/ a^) 

11.6 X 10‘* 

16.2 X 1 

Total number of strands 

259 

259 

Copper strands 

79 

115 

Composite strands 

180 

144 

Strand diameter (in) 

0.046 

0.046 
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TABLE 2.4 (continued) 


Grade A 

Cu/Sc ratios 

Composite strands 8 

Overall cable 12 

Finished length required (ft.) 42,500 

Weight/length, average (Ibs/vt) 1.07 


Grade B 


8 

15 

50,500 

1.07 


To provide a conservative performance margin, the conductor design current Is 
set at 85Z of the specified maximum current capability (critical current) for 
the cable at the operating temperature of 4.5 K, the same as in the 6 T design. 

2.2.3 Winding Containment Vessels 

The two winding halves are enclosed in winding containment vessels of the same 
design and material as those of the 6 T magnet. The wall thickness of the con- 
tainment vessels is reduced to 1^ Inches in the straight section and 2 inches 
in the end-turn regions (compared to 2 inches and 3 inches, respectively, in the 
6 T design). The wall thickness of the vessels is determined in part by their 
function in containing a portion of the magnetic forces on the windings. The 
reduction in wall thickness is therefore justified because of the reduction of 
magnetic forces and pressures (by a factor of roughiy 0.45). Reduction of thick- 
ness by Che full 0.45 factor is not practical, however, because of deflection 
considerations . 


2.2.4 Main Force Containmtnt Structure 


The main force containment structure, consisting of welded stainless steel I-beams, 
threaded tie-rods, nuts and spherical washers, is similar to that of the 6 T magnet 
except that beam and rod cross-section areas are reduced by a factor of approxi- 
mately 0.45, in view of the reduced magnetic forces. 

2.2.5 Thermal Radiation Shield 

The thermal shlelJ, of the same design as Che 6 T magnet shield, is reduced in 
outside diameter by about 0.95 because of the slightly smaller outside dimensions 
of winding and containment vessels. The overall length of shield and the site of 
the bore portion of the shield are the same as for the 6 T magnet. 


2 . 2.6 


Low Heat Leak Supports 


The supports .’re the same design as for the 6 T magnet but are reduced in cross- 
section area roughly in proportion to the cold mass weight reduction (reduction 
in weight of winding, containment vessels and main structure). 

The smaller cross-section results in a slight reduction in heat leakage into 
the cold mass, but since this is a small fraction of total refrigerator load, 
it is not considered worthwhile to reduce refrigerator size. 

2.2.7 Vacuum Jacket and Warm Bore 

The vacuum jacket and warm bore are of the same design as those of the 6 T 
magnet. The outside diameter is reduced by about 0.95, consistent with the 
more compact winding. Overall length and warm bore size remain identical to 
those of the 6 T design. The base portion of the vacuum jacket, including 
support pads, is slightly lighter in construction due to the lower weight of 
the cold mass. 

2.2.8 Water-Cooled Warm Bore Liner 


The water-cooled warm bore liner is identical to that of the 6 T magnet. 

2.2.9 Vapor Cooled Electrical Leads. Internal Instrumentation, etc. 

These items also are identical to those of the 6 T magnet. 

2.2.10 Roll-Aside System 

The roll-aside system is the same design as that of the 6 T magnet but is 
lighter in weight because of the lower total weight of the 4 T magnet assembly. 

2.2.11 Cryogenic Support Equlpmeat 

The equipment is identical to that of the 6 T magnet system except for the 
gaseous helium storage tanks and the cooldown and warm up heat exchangers. 

The gaseous helium storage tanks of the cryogenic support system, if sized for 
the 6 T magnet, would have some excess capacity when used with the 4 T magnet, 
because the latter has about 30% lower liquid helium inventory. Therefore, 
slightly smaller storage tanks are provided. 

The siwS of the cooldown and warmup heat exchangers are reduced by the ratio 
of magnet cold mass weights. 
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2.2.12 Vacuum Pvimplng Equipment; Protection/Control Equipment and Instrumentation 
These items are similar to those of the 6 T magnet system. 

2.2.13 Power Supply and Discharge Equipment 

This equipment is similar in design to that of the 6 T magnet equipment but is 
scaled down hv approximately the ratio of the estimated Inductances of the magnets 
(ratio - 

The characteristics of the power supply and discharge system for the 4 T magnet 
are listed in Table 2.5. 

It should be noted that the maximum terminal voltage for a three minute emergency 
discharge is now a relatively conservative 4.3 kV as compared to 10 kv for the 
6 T magnet. 

2.3 COST ESTIMATE, 4 T MAGNET SYSTEM 

A rough budgetary cost estimate for the 4 T magnet system is presented in 
Table 2.6. 
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TABLE 2.5 
4 T MAGNET SYSTEM 

POWER SUPPLY AND DISCHARGE 
SYSTEM CHARACTERISTICS 


Rated current 
Rated voltage 
Current regulation 
Minimum charge time 

0 A to 25,000 A (L = 4.2 henries) 
Minimum discharge time 

25,000 A to 0 A, normal discharge 
Minimum discharge time, emergency, 
25,000 A to 0 A 
Maximum discharge voltage 
Output power 

Maximum charging 
Steady state operation 


25,000 A 
45 V 
Z% 

45 min. 

45 min. 

3 min. 
4.3 kV 

1125 kW 
300 kW 
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TABLE 2.6 

SUMMARY COST ESTIMATE ^ 
ETF 4 T MAGNET SYSTEM 
CONCEPTUAL DESIGN 
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TOTAL 

COST 

42,567 

3,183 

1,080 
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3.0 6 TESLA MAGNET MANUFACTURABILITY STUDY 


A manufacturability study and revised cost estimate were made by FBNML for the 
6 T superconducting magnet system Included In the MHD-ETF 200 MNe Power Plant 
described In the Conceptiial Design Engineering Report (CDER) ^ . 

The investigation was performed with the participation of Combustion Engineering, 
Inc. CCE) , subcontractor to FBNML, for the express purpose of Improving the 
manufacturability of the magnet design and providing a revised schedule and 
cost estimate reflecting the expertise of a heavy equipment manufacturer. 

The starting point for the investigation was the ETF magnet system conceptual 
d<‘slgn prepared early in 1981 by FBNML and described in System Design Description 
SDDSOj, contained in the CDER^ . 

The major objectives of the investigation were to; 

a. Identify improvements in the magnet design from the 
manufacturability standpoint. 

b. Prepare a manufacturing plan and schedule (including 
on-site work) for the magnet assembly, incorporating 
the design improvements identified. 

c. Prepare a cost estimate for the magnet system, based on 
the Improved design and the manufacturing plan developed. 

The manufacturability study and associated cost estimating work by CE per- 
tained only to the magnet assembly itself. The water-cooled warm bore liner, 
roll-aside subsystem and other accessory subsystems were not Included in CE's 
assigned task. In arriving at a revised cost estimate for the overall magnet 
system, as discussed below, the revised estimated cost (by CE) for the magnet 
system Itself was combined with the original estimated costs (by FBNML) for 
other components of the system as included in the overall system cost estimate 
breakdown^ of March 13, 1981. 
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The magnet fabrication and assembly costs contained In this report were esti- 
mated by CE using FBNML (conceptual) drawings similar to those Included In 
SDD503 of the CDER^, but updated to Include Improvements for manufacturability. 
Costs of material, shop labor, on-slte labor, tooling, etc. were Itemized for 
each component. In this respect, the estimate contained In this report repre- 
sents a more thorough and detailed effort than the FBNML estimate contained In 
the CSER^, where costs were scaled from estimated costs obtained by FBNML In 
connection with previous Investigations of larger (commercial size) magnets. 
However, It was not possible, with the limited time and funds provided for the 
present study, to prepare detailed manufacturing drawings, to make special cost- 
reduction studies, and to make fully detailed estimates. Any future program to 
advance MHD toward commercial status should therefore Include further effort In 
magnet engineering and costing. This work should extend the existing conceptual 
designs into the next level of design complexity to allow the manufacturing and 
assembly aspects of construction to be considered In more detail with subsequent 
upgrade of cost estimates. 

3.1 SUMMARY 

During the initial phase of this preliminary manufacturability study, the 
original magnet conceptual design presented in SDD503 was reviewed and re- 
visions were made to simplify its fabrication. These revisions are discussed 
in Section 3.3.3 of this report and drawings incorporating the revisions are 
contained in Attachment B. A manufacturing plan, schedule, and cost estimate 
were then prepared by CE, based on the revised design. The CE report on their 
work is included as Attachment A to this report. 

To minimize overall costs, the manufacturing plan is based cn maximizing the 
work dene in the shop (manufacturer's plant), within the economic constraints 
of delivery of the components to the plant site (assumed to be Montana) . 

The two halves of the saddle magnet winding, each in its own helium vessel, will 
be completed in the shop, including vacuum-testing of the vessels. The halves, 
each weighing about 225 tons, will be shipped separately to the plant site where 
they will be joined in a special assembly fixture. Superstructure and cryostat 
parts will be shop fabrlcr ced and delivered In modular form for final assembly 
at the site. 

The revised schedule, made by combining FBNML' s original estimated schedule^ 
for conductor and substructure procurement with the schedule developed by CE 
for fabrication and assembly of all other major parts, shows installation of the 
magnet on-site completed 37 months after start of contract. Allowing 6 months 
additional for magnet evacuation, cool-down and shake-down test (the same as in 
the original FBNML schedule), the total time is 43 months. This is an improvement 
on the original schedule^ prepared by FBNML in March, 1981, which showed a total 
time of 45 months. Schedules are discussed in more detail in Section 3.4. 
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The magnet cost estimate made as a part of the manufacturing study (based on work 
by CE) showed the Installed cost of the magnet, including on-site tools and 
fixtures, but not including design and analysis, special on-site costs and con- 
tingency, was $22,669,000, compared to $28,472,000 based on the FBNML estimate^ 
of March, 1981. 

The complete updated magnet system estimated cost, made by combining the revised 
magnet estimated cost with the original FBNML estimated cost for the balance of 
the system (roll-aside track and actuator subsystem, other support subsystems, 
shake-down test) and including design and analysis costs, special on-slte costs 
and contingencies, amounts to $49,400,000. compared to the figure of $57,666,000 
estimated in March, 1981. The revised cost estimate is discussed in more detail 
in Section 3.5. 


3.2 CONCLUSIONS 

a. The magnet design utilizes construction and assembly techniques that 
are suitable for the larger magnets required for connerclal size 
(500 to 1000 MWe) MHD/steam power plants. 

b. The design concept avoids the necessity for large precision machine 
tools. The machining operations can be performed either on subcom- 
ponents or with portable tooling. 

c. Design tolerances permit the use of as-welded structures with only a 
minor amount of grinding or surface preparation anticipated. 

d. The design and the manufacturing plan minimize on-slte fabrication 
and assembly labor. 

e. The CE estimated cost of the installed magnet assembly is substantially 
lower than the earlier FBNML estimate contained in the CDER.^ The re- 
duction may be attributed in part to design improvements for manu- 
facturability and to more detailed estimating procedure. However, 
since drawings supplied to CE were not complete in all details and 
since experience has shown that manufacturing cost estimates vary 
substantially with source, the CE estimate should not be regarded as 
superseding earlier estimates, but rather should be considered together 
with earlier estimates in determining Che probable range in which the 
magnet cost for the ETF will lie. (See Section 3.5) 

3.3 DISCUSSION 

3.3.1 Evolution of the ETF Magnet Conceptual Design 

The basis for Che conceptual design of the ETF superconducting magnet which is 

Che sub.iecc of this study was Che conceptual design of a larger (.:ommercial size) 
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MHD magnet referred to as the ''CS)f' design, started by FBNML in 1979, and origi- 
nally conceived as a scale-up of the CDIF superconducting magnet^ design. The 
work on the CSM design was a part of FBNML' s overall MHD magnet technology de- 
velopment program, which Included the preparation and evaluation of several 
reference (conceptual) design commercial-size MHD magnets. Although evaluations 
are not yet complete, the CSM design appears to be the most suitable for early 
commercial scale and ETF size magnets. 

The original CSM design concept Incorporated a rectangular saddle coll con- 
figuration and pancake-type windings in which individual conductors were 
supported In grooves in an insulating substructure. The conductor was thus 
kept free of accumulated magnetic loads, and the potential magnitude of mechanical 
disturbances at conductor surfaces was minimized. The conductor was bath-cooled 
and large passages were provided in the substructure to acconmodate the liquid 
helium coolant. The superstructure and helium vessels were of stainless 
steel. All these features were common with the G3IF magnet design and were 
believed to contribute both to the reliable operation and ease of manufacture. 
(These features were ultimately retained in the ETF magnet design.) 

As the CSM design progressed, it departed from the CDIF in several respects be- 
cause of the difference in scale. These departures included the following: 

a. Circular cable-type conductor was used in place of the 
rectangular built-up conductor (copper bar type) employed 
in the CDIF magnet. 

b. The substructure was made up of a large number of small 
molded glass-reinforced pieces instead of the continuous 
G-10 plates with machined grooves as used in the CDIF magnet. 

c. The helium containment vessel was closely fitted around the 
windings, with superstructure located outside the vessel in 

the vacuum space. This contr.ssted with the CDIF magnet design in 
which the superstructure was fitted directly on the windings 
and helium vessel outer walls surrounded the superstructure. 

All three CSM features listed above were introduced mainly to facilitate manu- 
facturing and to reduce costs. 

Drawings were made of the CSM winding, containment vessel, superstructure and 
general assembly. They show the two halves of the winding enclosed in a 
single containment vessel, and an all-welded superstructure closely integrated 
with the containment vessel (in an effort to reduce amount of material). With 
this design, it was assumed that the coil container would be fabricated in part 
on-site, the colls would be wound into the container on-site, and a substantial 
amount of on-site welding would be required to close the vessel and complete the 
superstructure. 
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Th« dsslgr. *»*Aa raviewad for manufacturability with anginaara and manufacturing 
rapraaantatlvaa of Plttaburgh Daa Moinaa Steal Co. Aa a raault, it waa dacidad 
to change the daaign (for improved manufacturability) auch that a major portion 
of the auparatructura waa in the form of 1-baama and threaded tie rodai iid\ich 
could be ahop-manufactured and then aaaembled around the containment veaael 
with minimum on-aite labor, thereby reducing coat. 

The ETF magnai dealgn, aa deayibed in the CDE R^ (SDD503) , ia a acalad-down 
veraion of thia CSM daaign . Subaequent ravieiona are described in Section 3.3.3. 

3.3.2 Alternative Concepts 

Alternative design concepts which may be considered for the ETF magnet include 
the aq lare bore concept^ ‘lleveloped by Magnetic Corporation of America in 1977, 
the circular-bore "Cask" concept** developed by General Dynamics under FBMML 
sponsorship, the circular-bore, cylindrical- layer concept represented by the 
CFFF magnet ^ built at Argonne National Laboratory, the 1978 Avco Everett Keaearch 
Laboratory ETF design®, and the roll-apart concept^ proposed by Avco Everett 
Research Laboratory in 1981. 

The evaluation of these concepts, together with the CSM concept and others de- 
veloped at FBNML, is a continuing activity and has not yet reached the point 
where any one design can be finally Identified as most suitable. 


A preliminary study of magnet/ power- train interfacing,® carried out by FBNML early 
in 1981, with assistance from Avco and MEPPSCO, indicated that the rectangular 
bore is quite suitable for channel installation and generally permits better 
utilization of the high magnetic field volume produced by the magnet colls than 
does the circular bore. However, the detailed characteristics of applications 
and power train designs will, of course, influence final selection of bore shape 
in particular cases. 

In choosing the rectangular bore and rectangular saddle coil concept (non-roll- 
apart) for presentation in the CDER^, FBNML was influenced by the following 
factors: 

a. The rectangular bore, rectangular saddle coil concept appearr 
to be generally superior from the standpoint of magnetic volume 
utilization. 

b. In our opinion, the rectangular saddle coil concept as repre- 
sented by the ETF magnet design described herein is easy to manu- 
facture and is favorable from a cost standpoint, as compared to 
ocher designs considered to date. 

c. We expect that designs without substructure will present problems 
relative to the accumulation of local em loads and transmission 
of them to the superstructure, when scaled to commercial size; 
therefore, a substructure is considered essential. 
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d. The roll-apart concept has not been tried in a superconducting 
laagnet and has not yet been investigated in depth. It is 
therefore considered too developmental for the ETF. 

3.3.3 Revisions to ETF Magnet Design to Improve Manufacturability 

During the review of the ETF magnet design by C£, starting early in 1981, re- 
visions were made to upgrade the design and further facilitate manufacturing. 

These changes included the following: 

a. The winding containment vessel was divided into two separate 
vessels, one for each winding half. Because of this change, windings 
can now be Installed in the shop for cost saving. (The revised 
design provides that the two vessel*', with windings installed, 
will be shipped separately from shop to site, where they will 

be Joined and liquid helium cross-connections, vent stack, etc. 
added. Shipping both halves together as a unit would be 
impractical because of the very large overall dimensions) . 

b. Lifting lugs were added to large components to facilitate 
assembly. 

c. Main support struts were canted to provide for a wider support 
base. 

d. Winding pattern was revised so that fewer special substructure 
pieces are required. 

e. Winding exit-end substructure crossovers and corresponding 
container parts were enlarged to provide adequate room for 
pover-leads. 

f. Exit-end stack was eliminated, to reduce cost. 

g. Inlet-end stack and liquid helium reservoir were enlarged 
to provide larger helium reserve and facilitate assembly. 

h. Greater clearance was provided between vacuum Jacket outer 
shell and cold parts to facilitate asiiembly. (Jacket diameter 
increased) . 

i. Vacuum Jacket heads were changed to flat plates instead of plates 
with curved (radiused) outer edges, to reduce cost. 

J. Vacuum Jacket side covers were eliminated to reduct cost. (The 
revised design provides for entire top half of Jacket shell to 
be a separate module, removable by grinding welds.) 
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3.3.4 Prayings 


A set of 15 drawings. Included as Attachment B In this report, show the ETF 
6 T magnet components as revised during this study. 

Because of limited time and funding available. It was not possible to prepare 
revised general usaembly drawings, outline drawings, etc. 

The overall diameter of the magnet, as ravish. Is 30' (compared to 27* 6" 
originally) . The overall length remains unchanged . 

3.4 REVISED SCHEDULE, 6 T MAGNET SYSTEM 

The critical path schedule for magnet system manufacture and Installation, 
based on the CE estimate of time required for magnet major parts fabrication. 

Is shown In Fig. 3.1. The total time through shake^down teat Is 43 months, 
which Is shorter by 2 months than the estimated schedule^ prepared by FBNML 
In March, 1981. 

It should be noted that the CE schedule contained In their Manufacturability 
Report,Actaclmient A, allows an extra 3 month period at the start for design 
(manufacturing drawings) of the conductor and substructure, which was not In- 
cluded In the FBNML schedule of March, 1981. With this extra time Included, 
the total critical path time amounts to 45 months (the same as In the original 
FBNML schedule^) and there is a waiting period of 2 months In the coll container 
schedule. It is reasonable to assume that a major part of conductor and sub- 
st'^ucture manufacturing drawing work can be done during the design and analysis 
phase of the project. Based on this assumption, 2 months can be deducted from 
the overall schedule and the total time shortened to 43 months, as shown on the 
revised schedule. Figure 3.1. 

3.5 REVISED COST ESTIMATE, 6 T MAGNET SYSTEM 

The revised cost estimate for the magnet system, incorporating the new CE 
estimate for magnet fabrication and assembly but retaining substan - Lly the 
same estimates for other elements of the system (accessories, roll-aslde 
equipment, etc.) as appeared In the original FBNML estimate^. Is presented 
in Table 3.1, Summary Cost Estimate and Table 3.2, Cost Estlnate Breakdown. 

It should be noted that the CE estimate for the magnet used the same costs 
of conductor, substructure and Internal Instriunentatlon as used in the 
original FBNML estimate^.* Costs of coll containers, structure, cryostat, 
assembly, etc. were new estimates made directly by CE using FBNML revised 
drawings . 

The CE estimates shoved reductions In (shop) manufacturing cost of about 500 k$. 
In on-site tooling of about 1500 k$ and In on-slte Installation of about 3500 k$ 
(not including design and analysis, special on-site costs and contingency). 




o 


u 


M 


U M 




Q bC 


U 

• 

X 

hi 

^ o r 
. V) u 

>. 

fn H 

•V 

X cn 

c 

W E- , - 

CN 

X < X 


X X 


U H 

1 

M U 


(b < X 

i 

o o 












































£Tf 6 T KAHnET ".rSTEM - CONCEPTUAL OEGIGN (REVISED) 


ORIGINAL PAGH U 
OF POOR QUALITY 



This estiMte does not include foundations. 4 Includes iOO KS en^'g. test supervisfot; and analysis 

Naterial cost is FOB site. 5 Includes liquid nitrogen and liquid hellua. 

This itCM includes coiMluctor, coil winding (in shop) and shop asseo4>1y. 6 On-site technician labor cost. 

7 Costs are ItJ «iid 198). 

8 Field engineering 































Th««« rtwJuc t v'«n b# Attrtbutt^U in |»nrt tn d««igf\ improvM<*nC» 

tor manu^ActurabiUcv 4m1 to th* thut tho CE w«ro m«iU« by ox- 

p«rlonc«ii RMnufxccurtn^ pooplo bx«oU on KTF mxgn«t v'om\H;m«nt Ur^winitx. whoroxx 
ibx xxrUor oxtlRMCxx' wxrx mx4x Ixrjjtxly by xcxllng from bndAXCxrv oxttmxrox 
of Ixrttxr mxgnxt coxtx xnU aw*y Ivivo bxxn ovxrly conxxrvxtiytf . Howxvxr, xtncx 
4rxwi)\)|x xup\>Uoii to CE bv PbNML wxrx not oomplotx in xil dxtxilx xnd xtncx 
it lx known thxt xxtlmxtxx »«n,ix by dlffxrxnt wxnufxcturxrx txn*l to vxry oon- 
xldxrxbly, chx xxtimxtxx Ulxouxxxd tn ehlx rxporc xhonltl bx oonxidxrxd 
(>rxli»lnxry xnd xubjxct to furthxr rxylxlon whxn morx Uxtxllxtl dxxiitn xnd 
xxtlmxtln^ lx xccomv^Uxbxd. U lx our rxcoimxndxtlon tbxt until reorx corner#- 
hxnxlyx oxtlmxtxx xrx mxdx, tho ETF mx^nct xvxtora hndftxtxrv coxt bx cxkxn xx 
In tbx rxngx from $S0 x iU** to $n0 x lO** (mxdtxn x 10^> . 

l,n RKVISKP WEIGHT RSTIMATK, n T MAt^NST JiYSTSM 

Thx xxtimxtxd wxi&bt of tbx mxgnxt xxxxrablv bxxxd on tbx updxtx^l vixxlftn xnd 
morx dxtailxd xxtlmxtlnx pro>cxdurx uxxd m) tbix xtuUv ix xbout ^,200,000 Ibx., 
XX comv'xrxd to J,iH>0,000 Ibx. lixtxd in SDUMU. A pxvt of tbx incrxxxx rxxultx 
from rxdxxi^n of thx vxouum vxxxxl bxxx to provtdx morx oonxxrvxt ivx xciffnxxx 
xixl xtruoturxl xtrxnAtb, Tbx bxlxncx of tbx incrxxxx ix xttrlbutxblx to x »orx 
dxtxilxd xxtimxtinx procxdurx. 
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Manufacturability Report 
MHD-ETF 200 MWe Power Plant Magnet System 
Conceptual Design 


1.0 INTRODUCTION 

The manufacturability of the magnet and vacuum vessel of the MHD- 
ETF 200 MWe Power Plant Magnet System has been investigated by Combustion 
Engineering, Inc. The magnet concept was designed by the Massachusetts 
Institute of Technology, Francis Bitter National Magnet Laboratory (MIT- 
FBNML). 


The magnet assembly included in this report consists of two 
saddle coils in their helium vessels, the thermal shields surrounding the 
superconducting coils, and the vacuum vessel in which the magnets are 
located. MIT-FBNML retained responsibility for estimating the design and 
analysis, tne substructure, conductor, instrumentation, structural 
supports, the supporting cryogenic systems, and the system for moving tne 
magnet assemoly to one side for maintenance. The warm bore liner, elec- 
trodes, etc., are not included. The components are as described in the 
Preliminary System Design Description, SDD-503, Magnet System for 
Magnetonydrodynamics Engineering Test Facility Conceptual Design-200 MWe 
Power Plant. 

Tne magnet system design accommodates construction and assembly 
tecnmques tnat are suitable to tne larger magnet systems required for a 
commercial size (1000 MWe) MHD/steam power plant. (The ETF size permits 
completion of tne magnet halves in tne shop with barge and truck delivery 
to Butte, f*'>ontanQ.) Tne design concept avoids the necessity for large 
precision macnine tools. The machining operations can be performed either 
on subcomponents, or with portable tooling. Tne design tolerances permit 
cne using of as-welded structures with only a minor amount of grinding an- 
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The general manufacturing plan is based on maximizing the work 
done in the shop within the economic constraints of delivery of the 
componer s to Butte, Montana. The two saddle magnet coils will be 
completed in the shop, including vacuum testing of the helium vessels with 
temporary closures. The superstructure parts (beams and tie rods) will 
be completed and delivered to the site for assembly. The thermal shields 
and vacuum vessel will be shop fabricated and delivered for final 
assembly at the site. The detailed description of the elements of this 
plan follow. 

1.1 Materials 


The materials selected by MIT-FBNML are 315Lti stainless steels 
for the cold mass structures Type 6061 aluminum alloy for the thermal 
shields and 304L stainless steel for the vacuum vessel. The surfaces of 
materials are not polished for vacuum service. Grain size determination 
and Charpy impact testing have not been required. Fracture toughness 
testing of the 316LN material is required in certain critical areas to be 
defined later. {The mill has declined to quote on performing testing at 
4.2K.) Physical properties are not required at 4.2K, but will be 
determined to enable selection of best materials for critical areas of 
design. The plates are to be ultrasonical ly tested. Based on the above 
requirements the type 316LN plate was quoted at $2.50 per pound, the type 
3G4L plate at $1.77, and aluminum 6061 alloy at $1.77 per pound. The 
cost of testing at 4.2K has not been included in these quotations. 

1.2 Magnet Coil Cases (Helium Vessels) 

'!‘ne magnets are encased in Type 316LN stainless steel structures 
that also serve as liquid helium vessels. The two magnet cases are made 
as left- and right-hand parts to accommodate the helium piping upon 
assembly. The two cases can be fabricated in parallel operations, but 
shipping considerations and field assembly place both halves on the 
critical path. Shop fabrication is based on the following subcomponents. 
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2 - Outlet Crossover Subassemblies 
2 - Inlet Crossover Subassemblies 
4 - Base Plate Subassemblies 
2 - Inner Side Plate Subassemblies 
2 - Outer Side Plate Subassemblies 
2 - Sets of Cover Plates 

CROSSOVER SUBASSEMBLIES 



The four crossover subassemblies are on the critical path, with 
tne larger (outlet ends) units requiring the greater effort. The 
crossover subassemblies support the conductor and substructure as it 
passes around tne gas flow ducts. The forces are large, requiring short 
spans between supporting gussets. The three-inch thick base plate is 
extended beyona the conouctor box to permit attachment of supports 
incorporated into the superstructure. Tne resulting dimensions (151" x 
255" ana 136" x 230") exceed tne dimensions of plate obtainable from the 
mill, requiring two pieces for eacn base plate. Before the two pieces are 
Joined by butt welding, tney are formed to a 60 degree templet and the 
excess material removed by burning. The support pieces and gussets are 
also cut to dimensions ana two pieces are formed to follow the outer edge 
of tne crossover benas. The four crossovers require 222,600 pounds of 
n.aierial to be oraered , witn 135,670 pounds in tne completed parts. There 
are 184 feet of 2-inch welds and 35 feet of 3-inch welds, requiring over 
1370 pounds of weld wire. 
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BASEPLATE SUBASSEMBLIES 



Tne baseplate subassemblies space tne crossovers at tne proper 
distance. Tnese four simple subassemblies require 68,300 pounds of type 
316LN stainless steel to be ordered. Due to the tapered supports, only 
48,375 pounds remain in the finished parts. Tne tapered support welded to 
tnj base plate do not require full penetration welds. The 576 feet of 
welds require only 512 pounds of weld wire. These subassemblies are 
joined oetween inlet and outlet crossover suoassembl ies using full 
penetration welds. This assembly operation establishes the overall 
dimensions and alignment of each magnet half. 

SIDEPLATE SUBASSEMBLIES 



Tne inner and outer sideplate assemblies are made from six 
pieces. Tne long straight sides are 2" plate. The transition plate and 
crossover pieces are 3" plate. Tne side plates accommodate the widening 
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of the magnet halves from tne inlet to outlet ends. The material ordered 
weighs 254,409 pounds. The finished pieces weigh 235,040 pounds. The 
required weld length is 190 feet. The transition plates are machined for 
required fit-up, with slots for the cross coil superstructure beams, and 
with holes for nelium, electrical leads, and instrumentation access. The 
inner assembly has a "filler plate" welded at each end. The filler plate 
distributes the end load from the crossover windings into the side 
plates. The fit-up and assembly of these parts to the structure forms the 
open box into which the substructure and conductor will be placed. 

COVER PLATES 



Tne preparation of two sets of cover plates is not on the 
critical patn, as they are not required until after the winding operations 
are complete. Tne cover plates cannot be prewelded, as the configuration 
of tne crossovers creates an "overhand" for an assembled cover plate. The 
cover piste parts are relatively simple, consisting of two long pieces 
wun fcrred ends to fit tne sixty degree bend at the crossover, and two 
flat plates snaped to tne inlet and outlet crossovers, with allowances of 
excess material for removal during final fit-up. 
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SUBASSEMBLY 



D^nng assembly of tne side plates to the structure, the 
squareness a.ic stralgntness of tne space for the conductors will be 
continuous' y verified. The next critical patn operations are the assembly 
of substructure and vinding of the conductor, A fixture will be mace to 
support tv.o reels of conductor above a naif magnet. The conductor box 
will oe orepareq by cementing ground plane insulation to the base plate 
and sides. In this operation, any unevenness of the surfaces will be 
ccrrectea cy filling, or grinoing of excess material. 

WINDING OF CONTRACTOR 
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The winding of conductor is preceded by placement of two 

perforated tubing loops into the substructure grooves. The stainless 

steel tubing is used to distribute helium gases during controlled cooling 

and heating of the cold mass from and to room temperature. The 

introduction of these tuoing loops and of the conductor requires the 

outlet crossover to be wider and oeeper than the inlet crossover and 

special pieces of substructure to be used. The conductor leaa is fed out 
of the Channel i:ito the helium "stack" space wnere it is coiled fo'* 

ship(Tient of the magnet to the site. With the tuoing loops and conductor 
lead in place, the remaining substructure for the first layer of conductor 
is installeo. In this first layer, only four turns are placed prior to a 
splice between this Grade A cor.cuctor and the Grade B conductor. The 

splices used in the magnet are mechanical assemblies compressing the ends 
of each grade in a copper block. 


Tne winding of tre twentv turns of Grade B conductor proceeds to 
complete the first layer. Tne first layer is completed with the conductor 
at tne outside of tne outlet crossover. At this time tne second layer of 
substructure is placed and bolted to tne first layer pieces. In-process 
tests are conducted. The winding of the second layer proceeds from the 
outside toward tne inside of tne coil. When seventeen turns of Grade B 
conductor are placed, a splice to Grade A conductor is made. Succeeding 
layer pairs are placed in a similar sequence. Tne location of tne splice 
between conductor grades steps toward tne outside of tne coil, with the 
last eight layers being wound with only Grade A conductor, Tne last layer 
IS wound from the outside to tne inside of tne coil. Special substructure 
blocks are added to carry tne conductor' lead across the top of the 
Dundle. Tne lead end is fed tnrougn tne busning in tne case and coiled 
tor storage during shipment to tne site. As tne conductor is wound into 
the substructure, tne internal instrumentation is applied as required. 
The instrunent leads are carnec out through bushings and coiled for 
sni pment , 
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L'nen all layers of conductor and all internal instrumentation 
have been cc-pleted, the ground insulation panels are placed atop the 
conductors anc substructure. Although each layer of substructure is 
bolted to the next lower layer, the entire bundle will be spring loaded to 
preload the asserbly when the cover plates are applied. The springs are 
placed, ard the cover plates fitted. a group of compression jacks are 
used to preload tne conductor bundle tnrough the cover plates and the 
plates are tack v.elded. When all plates satisfy the requirements, welding 
‘is completed, including the butt joints between cover plate pieces. 

Mt tiris stage, temporary covers are welded into the helium 
openings, and the vessel is vacuum tested. Final shop inspection is made, 
and any of the superstructure beams that will net interfe»'e with shipment 
are added. Both coil halves are packaged for shipment and, with other 
components, will be shipped by barge to the west coast. 

1 . 3 liegnet Superstructure 

The design of the superstructure consists of beams and tie bolts to equil- 
ibrate the repulsive magnetic loads, with intercoil beams and ties welded 
to the crossovers to transfer those loads into the helium, vessel. Due to 
the expansion of the gas tnrough the magnet, the dimensions of the beams 
end tic rocs increase continuously from the inlet to outlet ends. Further- 
more, due to this taper, only one flange on each beam can be square to the 
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web. ■’’he 56 beams are made from 257,500 pounds of type 316LN stainless 
steel plate and 57,000 pounds of Type 316LN stainless steel pipe. The 
56 studs weigh from 3005 pounds to 3350 pounds each. The 112 nut and 
washer sets weigh 175 pounds each. There is 1390 feet of welding required 
to make the beams, 980 tcet of which can be machine welded. The miscel- 
laneous superstructure associated with the crossover weighs over 63,750 
pounds. Except for the beam across the sixty-degree bend line of the 

crossovers, all the superstructure is added when the two halves are joined 
at the site. 

1.4 Thermal Shield 


The tnermal sniiild intercepts heat radiated through the space from the 
vaaum vessel walls toward the liquid helium cooled magnet and structure. 
The Shield consists of 3/8 inch tnicx aluninum sheets with liquid nitrogen 
filled tubing attached as needed. The sneeting is surrounded on both 
sides by .mrrorea mylar film insulation layers. 



Tii inner tnermal shield is a truncated pyramid that fits between the warm 
Dore of the vacuum vessel and the nelium vessels of the magnet. It is 
made of five snort sections that assemble with tongue and groove joints. 
Each of tne sections has cooling tubing attacned. The nitrogen distri- 
bution and collection headers are installed after assembly in the field. 
Each of tne sections is attacmd to tne warm bore of tne vacuum vessel 
before tnis assembly is inserted into tne magnet. The mirrored mylar in- 
sulation IS also positioned during tne sitv“ assembly of the vacuum vessel. 


I 
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The oute’" therr’al shield consists of 32 quarter rings. These pieces are 
joined by insulated bolted flanges. The stainless steel nitrogen cooling 
linos are not electrically insulated at these joints. The lines are 
joined after the cylinder is assembled. The cylinder is 350 inches (29 ft 
2 in) in diameter and fifty-two and one-half feet long. 



The two heads are each made in four pieces again using electrically 
insulated flange joints. The heads are attached to the outer thermal 
shield. The assembly is hung from the lower half of the vacuum vessel. A 
pair of "V" struts attach the two center rings to the outershell and act 
to center the assembly during cool-down and heat-up. The remaining rings 
are simply supported to permit differential expansion. 








1.5 


Vacuum Vessel 
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The vacuum vessel is designed to operate al room temperature and to main- 
tain a vacuum of 10’^ torr without the cryogenic temperature components 
being in service. The vessel is 383.5 inch diameter over the stiffener 
rings and 56 feet long. The vessel consists of truncated trape^ 
zoidal -shaped "warm bore", with flat plate heads and a ring reinforced 
cylinder. In order to maximize shop fabrication to accommodate the 
assembly sequence and to meet material handling problems, the vacuum 
vessel is made in the following sections: 


1 

farm Bore 


90" 

X 

116" 

X 660" 

2 

Heads 

i 

98" 

X 

307" 

subassombl ies 



1 , 

146" 

X 

340" 

subassembly 




73" 

V 

279" 

subassembl ies 



1 - 

171" 

X 

340" 

subassembly 

1 

Outlet End Support Box 


120" 

X 

340" 

X 155" 

1 

Inlet End Support Bex 


120" 

X 

340" 

X 135" 

12 

Cylincrical Panels 

4 - 

128" 

X 

624" 

panel s 



A 

128" 

X 

348" 

panels 



4 - 

107" 

X 

138" 

panels 


1.5.1 Bore 



The warm bore is a truneaied trapezoul some 55 feet long with ends of 
IL’O" X 146" tapering to 67" x 82". The thickness of tho warm bore varies 
from 3" at outlet to 2" .it inlet. Over 180,700 pounds of material must be 
ordered with the finished weight being 151.282 pounds. 
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1.S.2 Vacuum Vessel Heads 



Each of the heads will De uuuled mto three pieces for shipment to 
the field. Two sides of the head will oe shipped as flat plates prepared 
for field welding. The center section will De a subassembly of the top 
and Douom plates joined to the transition sections. Of the 189,600 
pounds of type 304L stainless steel purchased. 154,150 pounds remain in 
the finished heads. 



Ine Support bo^ structure at the outlet end of the vessel contains the 
pads for tne mam structural Supports and two pads for carrying the axial 
and lateral seismic loads. The support box rests upon the cross beams on 
which the entire magnet is rolled aside some 34 feet to perform main- 
tenance on tne warm bore liner. The weld.iient is shop fabricated from 
1-1/2" to 3" thick plate. 
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1.5.4 Inlet Support Box 



At tne inlet ena , rne support system accommodates the slx>rtening of the 
cold mass during cooldowh. nerefore, only the two main structural sup- 
port columns and one lat:-;r:,'l load support are included. The inlet box sub- 
assembly is shorter it)-', the outlet box, as there are no axial load col- 
umns involved. A of cylindrical shell is attached to make up the 
dimension to the head fiance. The inlet box rests upon a set of cross 
beams as aoes ’’he outlet box. The weldment is shop fabricated. 

1.5.5 Cylindrical Panels 

Tnere are ♦‘.weive panels in tne vessel, as required to accommodate 
snipping restrictions ana tne desirea assembly sequence. Tnese panels are 
prefabricated in tne shop ana shipped to the site. Four long panels are 
joined to make a naif cylinder for tne top of tne vessel. Trie remaining 
panels are joined witn tne support boxes to make the lower half of the 
vessel . 




Material procurement affects tne fabrication plans for the shell. The 
rolling of tne 3/A men plate requires extra length on each piece to 
secure the curvature to the joint. 
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Transportation of the pieces from the mill to the shop sets a width 
limitation. Shipment of the panels to the site requires dividing the 
cylinder into eight long, curved panels. 

The materials purchased for the shell weigh 182,343 pounds; for the 
flanges, 79,539 pounds. The width of the panels shipped is 147". 

1.6 Cryogenic Stacks and Piping 

The helium and nitrogen connections within the vacuum boundary will be pre- 
faoricated in the shop. The piping and fittings will be joined, but the 
subassemblies will be selected to provide materials for final fit-up at 
the site. 


1.7 Shipment 


Since the weight and size of the saddle coils exceeds normal rail 
limitations, the delivery of the ETF magnet by barge and truck has been 
proposed. The necessary detailed investigation of clearances and bridge 
weicnt limits has not been made for this study. The experience of C-E's 
traffic department in delivery of nuclear reactor components to remote 
sites is the basis for the route selection and delivery estimate 
included. The route involves shipment of all components from the shop on 
one barge to a west coast port. From that point, the components would be 
transported to the site by special trucks. The necessary work to relocate 
overneaa lines and reinforce culverts and bridges as required has been 
included in the packing and shipping estimate of 1,734,000. 


i. 8 Site Assembly 

■•lost of the site work consist of assembling the parts made in the shop. 
Parallel operations are permitted on the vacuum vessel assembly, the 
■nagnets ana superstructure and the thermal shields. The critical path 

involves the magnet halves, superstructure, and assembly of all 

components. The C-E study did not include completion of the vacuum 
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system, cryogenic system, power system, controls for the magnet, or the 
site testing and checkout. 

In order to insert the warm bore into the assembly, a fixture has to be 
used. Thi- fixture consists of a beam around which the components are 
assembled. The fixture must be over twice the length of the assembly, 
in order to have its supports outboard of the assembly with the warm bore 
ready for installation. A 60 inch square beam of 1" and 2" plates with a 
length of 120 feet was conceived. During insertion of the warm bore 
(181,000 pounus) the beam will deflect about 3-1/4 inches. For economy, 
this beam was estimated based on carbon steel construction. Therefore 
it must be stored well away from the magnet during operations. 

Each magnet half will be attached to ring supports on each end. The ring 
supports will permit orientation of the magnet for down hand welding of 
most joints. Two welding crews and one beam assembly crew will work on 
the assembly simultaneously for some eight months. 

During this time, the vacuum vessel and thermal shield subassemblies will 
be joined to make up the vessel into lower and upper halves. The 

mirrored mylar insulation will be attached to thh inner thermal shield 
•assembly. These operations are not on the critical path. 

When the magnet assembly is completed, with the helium piping and the 
.alium and nitrogen stacks attached, the assembly on the fixture will be 
raised and the "tower half of the vacuum vessel moved on its tracks 
beneath the magnets. The magnet support system will be attached as the 
magnet is lov/ered into the vessel. The outer thermal shield will be 

attached to the assembly, with the superinsulation in place. The upper 
vessel shell will then be attached. Lowering of the upper shell onto the 
assembly is critical. The cryogenic connections are made through the 
vessel head, and the final movement of the head require precise 

positioning. At this time, the magnet is released from the fixture. 

The support of the fixture is changed to permit one vessel head to be 
fitted and welded to the vessel shell. The fixture supports are again 
changed permitting the warm bore and other closure head to be placed 


thereon. This assenbly is supported on the fixture at each end by 
adjustable, rolling supports. The assembly is carefully inserted through 
the magnet, and joined to the opposite head. The final closure of the 
vacuum vessel then proceeds. 

After the conductor and instrumentation leads are connected to the 
external wiring, the cryogen systems are connected. The vacuum vessel is 
tested for leaks, and brought to specified vacuum specifications. The 
nitrogen system is letested, and cooldown of the cold mass begun. These 
tests are followed by testing of the magnet and checkout of all systems. 

2.0 Cost Estimatation 


Table 2-1 provides a tabulation of the estimated costs for the HHD ETF 
magnet. The costs for superconductor, substructure instrument and cold 

mass supports were estimated by I'.IT-FBNML. The total magnet costs of 

522,459,000 are in 1981 dollars without any contingencies having been 
added. It is, of course, for a conceptual design that has not included 
many of the details required for a final design. This estimate is 
believed to provide an accurate base figure for requesting a project 
budget. 


3.0 Critical Path Schedule 

Figure 3-1 provides the preliminary critical path schedule for the MHD 

ETF magnet concept. The schedule assumes that detailed design and 

analysis of the magnet system has been completed prior to award of a 

contract to fabricate. Three months are provided to prepare shop 
drawings of the components sufficient for material procurement. The 
conductor material procurement times for conductor were provided by MIT- 
FBNML. Those for stainless steel are based on quotations from G. 0. 

Carlson reflecting current mill capacity. The fabrication spans were a 
minimum in this estimate, as is proper for critical path determinations. 
The delivery of conductor became the critical path, followed by winding pt 
the coils, closing the cases, and packing for shipment. Both coils are 
wound simultaneously, requiring two winding fixtures. 
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The delivery of all components by barge causes a "bottleneck”. Site work 
cannot proceed, except on the assembly fixtures, until all components 
are delivered. At the site, the assembly of the cold mass is the 
critical patch. The vacuum vessel and thermal shield subassembly work can 
easily be performed during the eight months required to assemble the cold 
mass. Assembly of the other components and testing requires the 
remaining seven months. 

Forty months from order placement appears to be an attainable schedule for 
the design concept studied. 
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ATTACHMENT B 


Drawings of ETF 6 T Magnet 


Components (Revised) 


The following drawings show magnet components 
that were revised to upgrade the design and Improve 
manufacturability. The manufacturing schedule and 
cost estimate Included In this report were based on 
the revised design as shown In these drawings. 


J-4700-600 

Sht, 1-4 

Vacuum Jacket Base & Cold Mass Aas'y. 

J-4 7 00-601 

Sht. 1-3 

Cold Mass Assembly 

J-4700-602 

Sht. 1-2 

Coil Container Assembly 

J-4 7 00-603 

Sht. 1-2 

Coll Container & Insulation Assembly 

J-4700-604 

S? t. 1-2 

Coll Container Weldment 

D-4700-605 

D-4700-606 

D-4700-607 

J-4700-61: 

Sht. 1-3 

Layer #2 Winding Detail 
Layer #3 Winding Detail 
Layer #26 Winding Detail 
Outer Thermal Shield 

J-4 700-614 

Sht. 1-3 

Inner Thermal Shield 

J-4700-615 

Sht. 1-4 

Vacuum Jacket Assembly 

J-4700-616 

Sht. 1-2 

Service Stack Assembly 

E-4700-300 

E-4700-301 

— 

Substructure Detail, Straight 
Substructure Detail, Comer 


E-4700-302 


Substructure Detail, Curved 





















ORIGINAL *"AQE « 
Qp POOR QUALfP^ 


















































47CX)€03 





original pagejs 
OF POOR QUALtTY 



r 

a 

a 






JAIOO 



:4700 605 


4700 G06 























MOIX& ro«« 


OtaGlNAL PAGf ® 

OF POOR 
















^8 O 






















original page is 

OF POOR QUAtnV 

















ORIGINAL PAGE 13 

OF POOR QUALITY 


o 





